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The N,N,N 0,N 0-tetramethylformamidinium disulphide (TMFDS) was prepared from either the electro-oxidation of tetramethylthiou-
rea (TMTU) on platinum electrodes in aqueous perchloric acid solution or the chemical oxidation of TMTU with hydrogen peroxide in
hydrochloric acid-containing absolute ethanol. The electrochemical formation of TMFDS at different potentials was followed by in situ
FTIRRAS spectroscopy. The IR and Raman spectra of TMFDS chemically formed as a chloride dihydrate were determined and com-
pared to the product produced electrochemically. The crystal structure of the chloride salt [N(CH3)2]2C@SAS@C [N(CH3)2]2Cl2Æ2H2O,
as determined by X-ray diffraction, crystallises in the monoclinic C2/c space group with a = 23.267(1), b = 10.824(1), c = 17.774(1) Å,
b = 126.91(1), and Z = 8. The structure was solved from 2489 reflections with I > 2r(I) and refined to an agreement R1-factor of
0.0405. The two molecular halves of the dimeric ½NðCH3Þ22C@SAS@C½NðCH3Þ2
2þ
2 ion are linked by a disulphide single bond
[d(SAS) = 2.0454(9) Å] and related to each other by a non-crystallographic pseudo two-fold axis. DFT structure optimisation and nor-
mal mode frequencies were calculated using the 6-311G(d,f) basis set at DFT theory level. An estimation of the free energy for the dimer
formation and rate ratio for the homogeneous and heterogeneous processes are presented. These data are consistent with the electro-
chemical mechanism of the anodic formation of TMFDS2+ from TMTU electro-oxidation in acid solutions.
 2007 Elsevier B.V. All rights reserved.
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The oxidation of thioureas, a versatile although complex
oxidation process in organic chemistry, produces a variety
of substances depending on the substitution pattern of the
thiourea, the oxidizing agent, the polarity of the medium
and other experimental conditions [1]. Accordingly, this0022-2860/$ - see front matter  2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.molstruc.2007.02.004
* Corresponding author. Tel.: +54 221 4257430; fax: +54 221 4254642.
E-mail address: aebolzan@inifta.unlp.edu.ar (A.E. Bolzán).type of reaction conveys to either ureas, formamidinium
disulphides, formamidinesulphinic acids, formamidinesul-
phonic acids, 1, 2, 4-thiadiazoles or different benzothiazole
derivatives [1,2].
From the electrochemical standpoint, the importance of
thiourea (TU) and substituted thioureas arises from their
use as additives for metal electroplating [3–8] and metal
corrosion inhibition [9], as in the case of protective films
of TU derivatives that have been proposed as corrosion
inhibitors in nuclear reactors [10,11]. Furthermore, TU
and tetramethylthiourea (TMTU) have also been investi-
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[12–15] by electrodissolving gold as complex species
[16,17]. In these processes, the first electro-oxidation stage
of thioureas appears to be the formation of a formamidinium
disulphide (FDS). For TU and TMTU, FDS and tetrameth-
ylformamidinium disulphide (TMFDS), respectively, can
also be obtained by homogeneous chemical oxidation using
hydrogen peroxide [18,19].
The identification of oxidation products from the elec-
trochemical oxidation of TMTU is rather scarce. In princi-
ple, as the anodic potential is increased, a number of
products are formed, such as TMFDS, CO2 and sulphate
ions [20], their relative yield depending on the applied
potential. In this case, no data on the structure and spectral
features of TMFDS were found in the literature, except for
a few references that are basically related to the synthesis of
coordination compounds [19,21].
This paper reports data on the electrochemical and chem-
ical formation of TMTDS. In the former case, the voltam-
metric behaviour of the anodic and cathodic processes on
platinum provides information about the kinetic behaviour
of the overall reaction over a wide range of electric poten-
tials. The crystal structure and spectroscopic characteriza-
tion of TMFDS as N,N,N 0,N 0-tetramethylformamidinium
chloride dihydrate produced by chemical oxidation of
TMTU were also determined. Spectroscopic data from both
the TMFDS soluble product detected by in situ FTIRRAS
measurements during the electrochemical oxidation of
TMTU in deuterium oxide acid solutions and the TMFDS
chloride resulting from chemical oxidation of TMTU are
compared. Results from this work throw further light on
the mechanism of the electrochemical behaviour of TMTU
in aqueous acids pointing out the qualitative validity of a
common electrochemical kinetics and mechanism for the
first electro-oxidation stage of thioureas on platinum metals
in aqueous environments at low anodic potentials (E < 0.9 V
versus SHE) producing a disulphide.
2. Experimental
2.1. Preparation of TMFDS
TMFDS was electrochemically produced by voltammet-
ric oxidation of TMTU on a platinum electrode at
0.05 V s1 between 0.1 and 0.95 V (versus Standard Hydro-
gen Electrode (SHE)) at room temperature. For this pur-
pose a conventional three electrode cell with a
polycrystalline platinum disc working electrode (0.12 cm2
geometric area, J. Matthey, spec pure) and a large platinum
sheet (2 cm2 geometric area) as counter electrode was used.
The working electrode, used either under quiescent condi-
tion or at 2000 rpm rotation speed, was polished with alu-
mina and rinsed with Milli-Q* water before each run. A
mercurous sulphate electrode was used as reference, but
the potentials in the text are referred to the SHE scale.
The chemical preparation of TMFDS has been
described in Ref. [19]. Briefly, 10.57 g (80 mmol) of TMTUwere dissolved in 200 ml of ethanol absolute and then
8.1 ml HCl 36% was added. To this solution, kept in an
ice bath, 4.6 ml of 30% H2O2 was added by dropping. Sub-
sequently, the solution was left at room temperature and
the solvent evaporated under vacuum until the volume of
the solution was reduced to 50 ml. The remaining solution
was cooled down to 4 C for 4 days to precipitate the solid
crystals. Then, the crystals were filtered out, washed with
ether and eventually dried in a conventional desiccator
containing P2O5.
2.2. FTIRRAS experiments
The products from TMTU electro-oxidation were iden-
tified by in situ Fourier Transform Infrared Reflection
Absorption Spectroscopy (FTIRRAS), employing a spec-
troelectrochemical cell with a 60 prismatic calcium fluo-
ride window that was fitted to a Nicolet Nexus 670
spectrometer equipped with a liquid nitrogen-cooled
MCT detector. A platinum disc working electrode
(0.7 cm in diameter) mirror-polished with alumina suspen-
sion (0.3 lm grit), rinsed with Milli-Q* water, was utilised.
The potential of the working electrode was monitored by
means of a Wenking 72L potentiostat coupled to a poten-
tial step generator. The normalised reflectance spectra were
expressed as the ratio R/R0, where R is the value of the
reflectance at the sampling potential Es and R0 is the reflec-
tance measured at the reference potential Eref. The value of
Eref was set at 0.05 V, a potential where no TMTU electro-
oxidation occurred, and then increased stepwise up to
1.4 V. Accordingly, as the value of E was changed posi-
tively with respect to Eref, negative- and positive-going IR
absorption bands in the spectra indicate the formation of
new species in and the disappearance of species from the
solution, respectively. Spectra were obtained by collecting
256 interferograms with 8 cm1 resolution using parallel
(p) polarised light produced by means of a barium fluoride
supported aluminum-wire grid polariser. To avoid the pos-
sible interference of water bands masking those related to
the formation of TMTFDS, runs in deuterium oxide solu-
tion were made.
Working solutions were prepared from TMTU (Fluka,
puriss.), perchloric acid (70% Alfa Aesar) and either
Milli-Q* water or deuterium oxide (Aldrich, 99.9%), and
continuously kept under nitrogen saturation during the
experiments. Runs were made at 298 K.
2.3. X-ray diffraction data
Single crystal X-ray data were collected on an Enraf-
NoniusKappa CCD diffractometer using MoKa radiation
(k = 0.71073 Å). Crystal data and refinement results are
summarized in Table 1. Data collection: COLLECT [22].
Cell refinement and data reduction: DENZO and SCALE-
PACK [23]. The structure was solved by direct methods
with SHELXS [24] and its non-H atom refined by full-
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Fig. 1. Stabilised voltammograms for the electro-oxidation of TMTU on
platinum from 1 mM TMTU + 0.1 M perchloric acid run at 0.05 V s1.
(a) In quiescent solution. The vertical line indicates the mean half-wave
anodic/cathodic potential values of the redox couple; (b) The same as in
(a) under rotation at 2000 rpm. Note the absence of faradaic cathodic
current in the reverse scan. T = 298 K
Table 1






Space group C2/c (No. 15)
a, b, c (Å) 23.267(1), 10.824(1), 17.774(1)
b () 126.91(1)
Volume (Å3) 3579.1(4)
Z, calculated density (mg/m3) 8, 1.378
Crystal size (mm) 0.15 · 0.15 · 0.20
Absorption coefficient (mm1) 0.603
Crystal color/shape Colorless/fragment
Radiation, graphite monochr. MoKa, k = 0.71073 Å
h range for data collection () 2.87–26.35
Index ranges 28 6 h 6 28, 13 6 k 6 10,
22 6 l 6 22
Reflections collected/unique 11507/3624 [R(int) = 0.0498]
Observed reflections [I > 2r(I)] 2489
Completeness (%) 99.5 (to h = 26.35)
Refinement method Full matrix least squares on F2
Weights, w ½r2ðF 2oÞ þ ð0:0514P Þ
21
P ¼ ½MaxðF 2o; 0Þ þ 2F 2c =3
Data/restraints/parameters 3614/0/205
Goodness-of-fit on F2 1.003
Final R-index [I > 2r(I)]e R1 = 0.0405, wR2 = 0.0900
R indices (all data) R1 = 0.0718, wR2 = 0.1043
Largest peak and hole (e A3) 0.257 and 0.286
Least-squares refinement of the angular settings for 11507 reflections in
the 2.87 < h < 26.35 range.
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2þ
2 methyl hydrogen
atoms were positioned stereo-chemically and refined with
the riding model by considering the CH3 as rigid groups
allowed to rotate around the corresponding C@N bond.
The H-atoms of the two crystallisation water molecules
were located in a difference Fourier map and refined iso-
tropically at their found positions. The molecular drawing
was obtained with ORTEP [26].
2.4. Vibrational spectroscopy
Infrared spectra of samples (as KBr pellets) were recorded
with an FTIR Bruker 113v spectrophotometer equipped
with a mid IR DTGS detector working at 2 and 4 cm1 res-
olution. Raman spectra were obtained with the same resolu-
tions at room temperature utilising an FTIR Bruker 66
spectrophotometer fitted with an NIRR attachment.
3. Results and discussion
3.1. Electrochemical formation of TMFDS
The voltammetric electro-oxidation of TMTU in quies-
cent aqueous 1 mM TMTU + 0.1 M sulphuric acid at
0.05 V s1, between 0.05 and 1.0 V (Fig. 1a), shows an ano-
dic current peak at 0.68 V (peak Ia) assigned to the forma-tion of TMFDS [20]. The reverse scan shows a cathodic
peak at 0.27 V (peak Ic) that corresponds to the electrore-
duction of the anodically formed product TMFDS to
TMTU. This voltammogram resembles that of TU elec-
tro-oxidation on platinum yielding FDS [27]. For the
working electrode rotated at 2000 rpm (Fig. 1b) the vol-
tammogram shows that peak Ia is largely depressed and
only a small shoulder during the positive potential scan
can be seen, whereas peak Ic, appearing during the negative
potential scan, is suppressed. These features indicate that
both anodic and cathodic processes are under diffusion
control, the reacting species anodically formed being swept
out from the electrode—solution interface.
To identify the anodic product from the electro-oxida-
tion of TMTU, the IR spectra were recorded in situ at dif-
ferent applied potentials. To avoid any interference of















Fig. 3. A view of the TMFDS cation showing the labelling of the non-H
atoms and their displacement ellipsoids at the 50% probability level. The
local twofold axis is along the vertical through the mid point of the
disulphide SAS bond.
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oxidation products from E = 0.5 V upwards (Fig. 2), the
intensity of the bands increasing with E. Positive bands
correspond to the disappearance of TMTU from the anode
solution layer, whereas negative bands reveal the appear-
ance of products such as TMTFDS. For E = 0.5 V and
E = 0.7 V, bands at 1236, 1373 and 1537 cm1 are assigned
to the disappearance of TMTU [16,28], and the negative
bands at 1171, 1405, 1460 and 1623 cm1 are related to
TMFDS2+ [19,20], the first electro-oxidation product from
TMTU. For E = 1.4 V, a new negative band at 1700 cm1,
a wavenumber typically related to carbonyl-containing spe-
cies, is observed. This band indicates that at sufficiently
positive potentials, a second electro-oxidation stage of
TMTU sets in. Previous results obtained at E > 1.4 V have
shown the appearance of bands at 1200 and 2343 cm1
together with the band at 1700 cm1 indicating that further
electro-oxidation of either TMTU or TMFDS2+ yields




In conclusion, the first TMTU electro-oxidation stage
occurring in the range 0.5–1.2 V seemingly yields
TMFDS2+ as the main product. To provide unequivocal
support to this conclusion, the IR spectrum of solid
TMFDS2+ salt was investigated after the crystal structure


























Fig. 2. p-Polarised light FTIRRAS spectra of TMTU electro-oxidation on
platinum at different potentials as indicated. 0.1 M TMTU + 0.1 M
perchloric acid in deuterium oxide. Eref = 0.05 V.3.2. Crystal structure of TMFDS
Fig. 3 shows a molecular diagram of the ½NðCH3Þ22
C@SAS@C½NðCH3Þ2
2þ
2 ion. Selected intra-molecular bond
distances and angles are reported in Table 2. The organic
ion can be described as a tetramethylformamidinium dimer
linked through a disulphide single bond (d(SAS) =
2.0454(9) Å). The bonding re-arrangement produces a
slight but significant lengthening in the SAC bond
distances (1.775(2) and 1.784(2) Å) as compared with
unbonded thiourea SAC distance, which is in the range
1.71–1.73 Å. This bond weakening is confirmed by the
red shift observed in the frequency for the SAC stretching
mode (see Section 3.4). CAN bond lengths vary in the
range from 1.316(3) to 1.326(3) Å and NACH3 distances
from 1.463(3) to 1.477(3) Å. The above inter-atomic bond
distances, in general, agree with those values previously
reported for the cation [21].
The ½NðCH3Þ22C@SAS@C½NðCH3Þ2
2þ
2 ion exhibits a
non-crystallographic twofold axis through the mid point
of the linking SAS bond (ideal C2 local symmetry) thatTable 2
Selected intra-molecular bond distances (Å) and angles () in
[N(CH3)2]2C@SAS@C[N(CH3)2]2Cl2 Æ 2H2O
Monomer #1 Monomer #2
Bond distances
C(1)AN(11) 1.316(3) C(2)AN(21) 1.323(3)
C(1)AN(12) 1.326(3) C(2)AN(22) 1.319(3)
C(1)AS(1) 1.784(2) C(2)AS(2) 1.775(2)
C(111)AN(11) 1.463(3) C(211)AN(21) 1.469(3)
C(112)AN(11) 1.467(3) C(212)AN(21) 1.477(3)
C(121)AN(12) 1.473(3) C(221)AN(22) 1.475(3)
C(122)AN(12) 1.466(3) C(222)AN(22) 1.471(3)
S(1)AS(2) 2.0454(9)
Bond angles
N(11)AC(1)AN(12) 123.8(2) N(21)AC(2)AN(22) 123.2(2)
C(111)AN(11)AC(112) 113.2(2) C(211)AN(21)AC(212) 114.1(2)
C(122)AN(12)AC(121) 113.6(2) C(222)AN(22)AC(221) 113.7(2)
C(1)AS(1)AS(2) 102.66(8)
C(2)AS(2)AS(1) 104.71(8)
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tified by the closeness in the corresponding torsion angles
along the TMTU monomers (differences of less than 8.5).
As expected, the SCN2 skeletons are nearly planar (rms
deviations of atoms from the corresponding least-squares
planes being less than 0.013 Å). Because of steric repulsion
between neighbouring methyl groups, and at variance with
the NH2 planes in TU, the NC2 groups depart from co-pla-
narity with the corresponding molecular SCN2 skeletons.
In fact, they are tilted around the CAN bonds in angles
of 24.7(3) and 30.1(2) for monomer #1 (dihedral angle
between the CN2 planes of 47.9(3)) and 14.3(2) and
30.5(2) for monomer #2 (NC2 planes angled in 50.1(2)).
The ionic crystal is further stabilised by OwAH    Cl
bonds (Ow    Cl distances in the range from 3.196 to
3.335 Å and OwAH    Cl angles from 171.1 to 179.6).Table 3
Assignment of principal Raman and IR bands of TMFDS chloride
Raman IR Calculated Assignment
152 125 q CH3
217 183 s CH3
245 231 s CH3
437 419 s CH3
471 471 452 m SAS
537 491 m SAS + d (CH3ANACH3)
618 594 m SAC + d NACAN + d CANAC
628 596 m SAC + d NACAN + d CANAC
663 671 p C out of plane NSN
873 860 ma NACH3
1062 1055 ma (CH3ANACH3) + q CH3
1091 1097 1067 ma (CH3ANACH3) + q CH3
1116 1109 q CH3 + ma CS
1128 1117 q (CH3)
1166 1161 q (CH3)
1200 1191 q (CH3)
1250 1256 d (NCN) +ma NACH3+q CH3
1358 m SC + ms CN + d CH3
1407 1407 d CH3 + ms(CN) + ma CS
1410 1408 d CH3 + ms(CN) + ma CS
1431 1456 1447 d CH3
1451 1467 1463 d CH3
1475 1493 d CH3
1507 1512 d CH3
1558 1547 d CH3
1619 1644 ma NAC + d CH3
1634 d H2O
2800 ms CH
2849 3072 ms CH
2857 3075 ms CH
2918 3161 ma CH
2943 3162 ma CH
3004 3167 ma CH
Table 4
Calculated atomic partial charges in the ½NðCH3Þ22C ¼ SAS ¼ C½NðCH3Þ2
2þ
2
Atom S1 S2 N21 N22 N11 N12 C2 C1 C212
Mulliken 0.29 0.28 0.47 0.45 0.46 0.47 0.18 0.20 0.37
ESP 0.01 0.03 0.14 0.10 0.11 0.13 0.29 0.30 0.26
Values of the average hydrogen atoms partial charges and their variances areH-bond distances and angles are detailed as supplementary
material.
3.3. DFT structure optimization and normal mode
frequencies of the ½NðCH3Þ22C@SAS@C½NðCH3Þ2
2þ
2 ion
The optimisation of the isolated structure of the ion
(Fig. 3) was carried out with tight convergence criterion
using the 6-311G(d,f) basis set at DFT theory level. The
hybrid method B3LYP, Becke 3 parameter exchange func-
tional plus the correlation functional according to Lee,
Yang, and Parr, were applied [29]. The molecule was con-
strained to the C2 point symmetry with the unique axis ori-
entation normal to the SAS bond vector. Solid state
coordinates were used for generating the starting geometry.
The harmonic frequencies and the vibration modes for the
optimised structure were computed from the diagonalised
mass-weighted Hessian matrix. The calculated mode fre-
quencies were used as reference for the assignment of some
vibration modes of the experimental spectrum, as discussed
in the next section. Both experimental and calculated fre-
quencies are compared in Table 3. As anharmonicity effects
were neglected [30], ab initio vibrational frequencies are
typically larger than the experimental ones. Thus, calcula-
tions at B3LYP and BLYP theory levels using the 6-
31G(d) basis set yielded scale factors 0.9614 and 0.9945,
respectively, and those derived from the BLYP stheory lev-
els using 6-311G(df,p) yielded 0.9986 [30]. Therefore, the
frequency values calculated in this work should be scaled
down by a factor between 0.96 and 0.99. The program
Gaussian03 [31] was used for all calculations.
The computed electron distribution at the ion was used
to derive the atomic partial charges by the Mulliken and
ESP: Electrostatic potential-derived charges (CHELPG
method implemented in G03) methods. The net charge of
the ion is +2, therefore it is able to withhold 2 chloride
counter-ions in the asymmetric unit of the crystal structure.
In both methods the atomic partial charge of the methyl
groups is all positive and only a small net charge is left
for the sulphur atoms (see Table 4).
3.4. IR and Raman spectroscopy of TMFDS salt
The vibrational spectra of the TMFDS salt is shown in
Fig. 4. The assignment of the absorption bands (Table 3)
was based on wave numbers obtained from DFT calcula-
tions (Section 3.3) and data of similar molecules reported
in the literature [32]. The spectrum can be analysed consider-
ing six spectroscopic regions. The first one, observed only inisolated ion
C211 C222 C221 C111 C112 C121 C122 H (avg) Dipole (Dy)
0.36 0.37 0.36 0.37 0.35 0.37 0.35 0.26(2) 4.65


























Fig. 4. Raman (a) and IR (b) spectra of TMFDS in KBr.
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shows two very strong bands at 152 and 217 cm1. These
bands are mainly related to torsions of the CH3 groups.
The second wave number region covers the range from
400 to 1000 cm1 . For this region, the vibration modes
are mainly associated with CAS stretching. The SAS
stretching band appears at about 470 cm1 . As expected
from the low polarity of this vibration, the intensity of
the IR band is considerably weak, whereas the correspond-
ing Raman band is very strong. At 618 (IR) and 628
(Raman) cm1 the asymmetric and symmetric C–S stretch-
ing bands, respectively, appear. Moreover, the Raman
spectrum also shows a weak band at 663 cm1 that can
be assigned to the C out of plane NSN deformation.
Finally, the two weak bands observed at 861 and
873 cm1 are assigned to the bending and the stretching
modes of the NAC bond, respectively.
The wave number range from 1000 to 1400 cm1
involves complex vibration modes. The main contributions
to these modes are the CH3-rocking, the NACAN bridge
bending and the stretching of the NACH3, CAN and
SAC bonds.In the range from 1400 to 1700 cm1 a strong IR band at
1407 cm1 is observed. This can be assigned to the combina-
tion of SAC stretching, CAN symmetric stretching and CH3
bending. Afterwards, a series of weaker bands mainly related
to the bending of the CH3 groups is recorded.
At 1619 cm1 the IR spectrum exhibits a very strong
band overlapped by another strong band centred at
1634 cm1. Both bands are assigned to the asymmetric
stretching of the NACAN bridge. According to DFT cal-
culations, the first band is associated with a transition
dipole derivative vector nearly perpendicular to the molec-
ular two-fold axis, while for the second band the dipole
vector appears to be nearly parallel to this symmetry axis.
An IR band is observed at 1700 cm1, but this should be
related to the presence of an impurity in the compound,
likely a carbonyl-containing species. The stretching of the
CO bond in carbonyl compounds commonly appears at
around 1700 cm1, and considering that the synthesis of
the compound utilises hydrogen peroxide, a very powerful
oxidising agent, it is reasonable to assume that a small
amount of TMTU is oxidised to a higher state than that
of the disulphide. This also agrees with the electrochemical
results showing that at relatively high potentials, i.e. 1.4–
1.6 V, the presence of CO-containing species in the solution
is detected (Fig. 2).
Finally, in the range 2800–3000 cm1, two IR bands at
2849 and 2918 cm1 are observed. They can be assigned
to the symmetric and asymmetric stretching modes of the
CH bonds, respectively.3.5. Comparison of the electrochemical and the homogeneous
chemical formation of [TMFDS]2+ ions
3.5.1. Likely electrochemical reaction pathway
The voltammetry of TMTU on platinum in acid solu-
tions under quiescent condition (Fig. 1a), in the potential
range 0.1–0.8 V, is related to the following redox couple
2TMTUðsolÞ ½TMFDS2þ þ 2e ð1Þ
This process behaves as an electrochemical reaction under
diffusion control [33]. On the other hand, similar runs with
the rotating disc electrode (Fig. 1b) demonstrate a slight
enhancement of the anodic reaction between 0.4 and
0.45 V, and a certain inhibition for E > 0.5 V. The latter
indicates that reaction (1) in both directions behaves as a
complex process in which the formation of soluble
TMFDS2+ simultaneously occurs with the appearance of
surface species that partially inhibit the anodic reaction
(compare Fig. 1a and 1b). Moreover, for the reverse reac-
tion the inhibiting effect is enhanced.
It is known that TMTU adsorbs on platinum, the corre-
sponding adsorption free energy at 298 K being
DGads  40 kJ mol1 [34], i.e. the adsorption of TMTU
on platinum is moderately strong, and it already occurs
from about 0.02 V to 0.3 V, and the electrosorption of
TMTU undergoes between 0.3 and 0.5 V or thereabouts,
A.E. Bolzán et al. / Journal of Molecular Structure 871 (2007) 131–139 137i.e. in the potential range where a small anodic current is
recorded (Fig. 1b). Therefore, the electrosorption com-
mences at a potential that is close to the potential of total
zero charge of platinum in acid solutions [35,36]. The
TMTU/Pt interaction at E < 0.05 V is beyond the scope of
this work.
The pseudo-capacitance (Cs) related to the electrosorp-
tion process can be estimated from the voltammetric data
under rotation conditions from the relationship Cs = I v/
A, where I is the anodic current read at 0.4 V, A is the elec-
trode area and v is the potential scan rate. The value of
Cs  100 lF cm2 indicates a platinum surface partially
covered by the electroadsorbed species. Considering that
the pseudo-capacitance for an adsorbate monolayer, each
adsorbate occupying a single surface site, is about
1500 lF cm2 [37], and the TMTU adsorbate is almost flat
on the surface covering about 9–10 sites, it results that for
the conditions of our work the platinum surface is covered
about 60%. Accordingly, considering that the main
product from the first electro-oxidation stage is detected
and identified in the range 0.4–0.8 V, the corresponding
partial inhibition of the anodic reaction is likely related
to the formation of an adsorbate that behaves as an
intermediate in dimer formation. Therefore, reaction (1)
should occur via a consecutive reaction pathway where
TMTU molecules reach the reaction interface by diffusion
from the bulk of the solutions to the electrochemical inter-
face (e.i.) where they are electro-oxidised to TMTU+
adsorbates via a single electron transfer process. Subse-
quently, the second electron transfer results from the reac-
tion and desorption of TMTU+ with another soluble
TMTU molecule at the electrode interface, yielding
TMFDS2+ ions in solution,
TMTUðsolÞ ! ðTMTUÞe:i: ð2Þ




step (2), the adsorption of TMTU is diffusion controlled;
step (3), the formation of TMTU+ adsorbate behaves as
a quasi-reversible electron transfer, as has been found by
modulated voltammetry for TMTU electro-oxidation on
gold electrodes [38]; step (4) represents the fast formation
of the soluble TMTU dimer (TMFDS2+) via a second-or-
der reaction. Thus, the rate of the overall reaction is deter-
mined by the TMTU diffusion rate from the bulk of the
solution interfered by the partial coverage of the platinum
surface by TMTU+ adsorbates.
It should be noted that the stability of TMTU+ adsor-
bates at potentials where the platinum surface is positively
charged should be assisted by co-adsorption of sulphate/
bisulphate ions, as has been concluded from platinum sin-
gle-crystal electrodes in sulphate-containing media [39].
The electrochemical formation of soluble [TMFDS]2+ is
confirmed by the appearance of the IR band of the solid
compound at 1623 cm1, as shown above.As far as the electroreduction of the dimer ion is con-
cerned, a process that is followed under still solution
(Fig. 1a) can be represented as follows
½TMFDS2þðaqÞþPtðsÞþ e ! ðTMTUþÞadPtðsÞþTMTUðaqÞ
ð5Þ
ðTMTUþÞadPtðsÞþ e ! TMTUþPtðsÞ ð6Þ
ðTMTUÞe:i: ! TMTUðsolÞ ð7Þ3.5.2. [TMFDS]2+ free energy formation for the
heterogeneous and the homogeneous reaction
As reported above, the same dimer ([TMFDS]2+) can be
produced either by homogeneous chemical oxidation or
heterogeneous electro-oxidation. Therefore, it is interesting
to compare the free energies of dimer ion formation from
both the electrochemical and the chemical processes. The
dimer ion is obtained by chemical reaction between aque-
ous 0.4 M TMTU and 0.20 M H2O2 + 0.49 M HCl. The
overall redox process consists of
2TMTUðaqÞ ! ½TMFDS2þðaqÞ þ 2e ð8Þ
H2O2ðaqÞ þ 2HþðaqÞ þ 2e ! 2H2OðaqÞ ð9Þ
The initial driving force of the overall reaction, DGr,
results from the difference in the reversible potential of
reactions (8 and 9). For reaction (8) the value of Er, which
is estimated from the anodic and cathodic half-wave poten-
tials, results in 0.5 ± 0.05 V, whereas for reaction (9) from
the Nernst equation [40] it results in 1.39 ± 0.10 V, a figure
that is about 0.5 V higher than the threshold potential for
TMTU electro-oxidation on platinum (Fig. 1a). The value
of Er,8 is close to that reported for several thioureas/dimer
redox couples [18].
Accordingly, chemical dimer formation can be expressed
by the sum of the partial reactions 8 and 9,
2TMTUðaqÞ þH2O2ðaqÞ þ 2HþðaqÞ
¼ ½TMFDS2þðaqÞ þ 2H2OðaqÞ ð10Þ
and under the initial conditions of our experiments, the va-
lue of DGr,10 is
DGr;10 ¼ 2F ðEr;9 þ Er;8Þ ¼ 172 kJ mol1 ð11Þ
F being the Faraday and 2 the number of electrons in-
volved per dimer ion formation.
On the other hand, the maximum dimer electrochemi-
cal formation rate, which occurs at the anodic current
peak Ia that appears at 0.70 V (Fig. 1a), results in
DGr,8  135 kJ mol1. Besides the enthalpy and entropy
contributions, this figure involves the contribution of the
applied electric potential. Therefore, the difference in
DGr between the heterogeneous and the homogeneous
processes is ca. 37 kJ mol1.
According to the transition state theory [41], the rate
ratio of the homogeneous and heterogeneous second-order
processes (vhete/vhomo) approaches the proportionality
138 A.E. Bolzán et al. / Journal of Molecular Structure 871 (2007) 131–139vhete=vhomo  cs=F # exp½ðDGr;8  DGr;10Þ=RT  ð12Þ
cs and F# being the concentration of active surface sites per
cm2, and the partition function of the activated complex,
respectively. Thus, for reactions in solution for which
cs  1015 sites cm2 and 1027 6 F# 6 1028 [41], a pre-expo-
nential factor of the order of 1012–1013 should be ex-
pected. Then, considering that in our case the exponential
term is of the order of 1013 it follows that:
vhete=vhomo  1 ð13Þ
This figure indicates that the maximum rate of both the
chemical and the electrochemical reactions occurs under
a comparable driven force. This conclusion is consistent
with the common formation of the dimer ion as well as car-
bonyl-containing species as side products from both reac-
tions (Figs. 2 and 4).4. Conclusions
The TMFDS was prepared by electro-oxidation of
TMTU on platinum in aqueous perchloric acid and by
chemical oxidation of TMTU utilising hydrogen peroxide
in hydrochloric acid medium. The TMFDS was character-
ised by IR and Raman spectroscopy and the crystal struc-
ture of the chloride salt determined by X-ray
diffractometry. The two molecular halves of the dimer are
linked by a disulphide single bond and related to each other
by a non-crystallographic pseudo two fold axis. The com-
parison of the IR and FTIRRAS confirms the formation
of TMFDS by either chemical or electrochemical pro-
cesses. The maximum rate of both homogeneous and heter-
ogeneous processes occurs under comparable driving
forces. This is consistent with the common formation of
the dimer ion as well as carbonyl-containing species as side
products in both reactions.Acknowledgements
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been deposited with the Cambridge Crystallographic Data
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